Introduction
Barley (Hordeum vulgare L.) is an important cereal grain crop which ranks fifth globally among all crops in dry matter production [1] . Barley production was estimated in 2008/09 at 6.2 Mt in the UK and 156 Mt worldwide, which was the highest on record (HGCA). Barley has an important role in world agriculture, with high demand from brewery, distilling and animal feed industries. The crop is commonly attacked by Pyrenophora teres Drechs., a necrotrophic pathogen, causing net blotch disease. The disease is gaining economic importance and increased incidence has been reported from countries throughout the world during recent decades [2] . This may reflect the popularity of susceptible cultivars, in combination with monoculture and intensive management practices [3] . Losses due to net blotch are typically from 10 to 40% but may reach much higher levels under favourable environmental conditions [4] .
Fungicides play an important role in crop protection. Two major groups of site-specific systemic fungicides are presently widely used to control of cereal diseases. The triazole-based fungicides, which inhibit the α-C14 dimethylation step in fungal ergosterol biosynthesis, belong to the group known as demethylation inhibitors (DMIs) [5] , and quinone outside inhibitors (QoIs) (also called strobilurins), which inhibit mitochondrial respiration [6] . The performance of many modern fungicides has been affected to some degree by the evolution of strains of pathogens exhibiting resistance or reduced sensitivity. Much research has shown that the development of resistance is greatly enhanced by the continued use of fungicides with single specific mechanisms of action [7; 8; 9] . The intensive use of fungicides and application over large areas has, in some instances, caused partial or total loss of efficacy due to the emergence of pathogen phenotypes that have higher fitness in a fungicide-treated environment [10] . The incidence of initially rare mutants in the pathogen population will build up when selective pressure is applied by application of fungicides. This is because resistant isolates have better adaptation in the presence of fungicide compared to sensitive isolates [11] . Resistance to QoIs has developed in several cereal pathogens and two amino acid substitutions have been detected in the cytochrome b gene in plant pathogens that show resistance to QoI fungicides. One such mutation leads to a substitution of glycine by alanine at amino acid position 143 (G143A). This is the main mechanism known to confer resistance to QoIs and is found in a broad range of pathogenic fungi and oomycetes, such as Blumeria graminis f. sp. tritici [12; 13] , Plasmopara viticola [14] , and Mycosphaerella graminicola [15] . Another mutation at amino acid position 129, which leads to the substitution of phenylalanine by leucine (F129L), confers resistance in plant pathogens including Alternaria solani [16] , Pythium aphanidermatum [17] , and Plasmopara viticola [13; 18] . To date, only the F129L mutation has been found in P. teres [15; 19] . Investigations have focused on the presence of the F129L mutation in populations of net blotch of barley, found in Europe since 2003 and has been found to reduce the efficacy of some QoI fungicides [20; 9] . Despite the importance of net blotch of barley in the UK, information on the F129L mutation and its impact on control by QoI fungicides is lacking. Therefore, the aim of this research was to investigate the occurrence of the F129L mutation in populations of P. teres from the UK, to determine the level of resistance to QoI fungicides in vitro and to ascertain how the mutation might impact on the efficacy of control of net blotch disease of barley.
II.
Materials And Methods a. Pyrenophora teres isolates Initially, thirteen isolates of P. teres were obtained as cultures from different research centres in the UK and mainland Europe. The first group of isolates obtained and their sources are shown in Table 1 . Six isolates (3 purported F129L mutants and 3 purported wild types) were obtained from DuPont, France. Five isolates of unknown pedigree (18, 83, 458 , 557 and 1782) were from Scottish Agriculture Science Agency (SASA) and two unknown isolates from National Institute for Agricultural Botany (NIAB).
The second group of isolates were obtained from barley leaf samples of growing season 2008-2009 provided by members of The Arable Group (TAG). Leaf samples were received from 10 different areas of the Midlands and eastern England. One pathogen isolate was taken from each leaf and cultured on potato dextrose agar (PDA). Polymerase Chain Reaction (PCR) and DNA sequence analysis was used to detect the mutation F129L in unknown-pedigree isolates and to confirm the presence or absence of the mutation in other isolates from different research centres. Details are given in Table 1 . 
b. In vitro sensitivity bioassay
To investigate the activity of QoI fungicides against wild type and mutant isolates of P. teres, a group of four strobilurins (Table 2) were tested in vitro. These were selected as they represent the only products available which contained single QoI active ingredient. For this purpose, Petri dishes were used (25-well, 18 mm diameter wells; Sterilin, Staffordshire, UK). Potato Dextrose Agar (PDA) was amended fungicide to a concentration of 5 mg L -1 active ingredient added to the agar at 55 o C, leaving the last well unamended as an untreated control. Using a sterile cork borer, the amended media were inoculated with circular mycelium plugs of 4 mm diameter taken from the growing edges of 7-day old cultures of isolates of the pathogen grown on PDA. The plugs were placed mycelium-down on the centre of the wells and then incubated in the dark with temperature of 20 ± 2 o C. Growth of the fungi was monitored daily until the fungus in unamended control wells reached the edge of the well. Radial growth of the pathogen was measured using digital callipers at two different angles at 90 o to each other and the mean colony diameter calculated. After a deduction of 4mm was made to account for the mycelium plug, percentage inhibition for each treatment was calculated compared to the untreated control. This preliminary investigation provided information on the relative sensitivity of P. teres isolates to QoIs. It proceeded in more detailed analysis based on determination of the fungicide concentration needed to reduce mycelial growth by 50% (EC50). 
c. Determination of EC50
Twenty five-well Petri dishes were used to determine EC50 for isolates of P. teres. For this purpose, 10 fungicide concentrations were prepared ranging from 100 to 0 mg L -1
. To achieve this, PDA medium was used and the fungicide was added at 55 o C. The highest concentration, 100 mg L -1 , was prepared and from this other concentrations were prepared by serial dilution. The concentrations were: 100, 33.33, 11.11, 3.7, 1.24, 0.41, 0.14, 0.046, 0.015 and 0.00 mg L -1 . The wells were inoculated with 4 mm mycelium plugs taken from the edges of 7-day old cultures of P. teres grown on PDA. The experiment was replicated three times using two 25-well plates per replicate. The plates were incubated at 20 ± 2 o C in the dark for 3-5 days depending on the isolate. Radial growth was measured by using digital callipers as described above. The percentage inhibition at each concentration was measured, relative to the untreated control, and from that EC50 was determined using probit analysis.
d. In planta assessment of fungicides
To evaluate the efficacy of fungicides on P. teres control on barley plants, the susceptible cultivar Pearl was grown in 9 cm pots at a density of 10 plants per pot. Ten days after emergence the plants were sprayed with fungicides as a protective spray. The generic name, common name and chemical class of these fungicides are presented in Table 3 , with the active ingredient concentration and the full field application rate. Fungicides were applied at the manufacturers recommended rates in a volume of water equivalent to 200 L ha -1 . Two days after treatment, the plants were inoculated with P. teres at 10 4 units mL -1 as described above. Inoculation with pure conidial suspensions was not possible as some isolates sporulated poorly, despite attempts to culture them on a range of media under differing environmental conditions. Control plants were treated the same as experimental plants but not treated with fungicides. After 10 days, the disease incidence was assessed visually by evaluating necrosis using an evaluation 1-10 scale [21] and data manipulated to the percentage of fungicide efficacy (% of disease control) using the following formula:
Disease degree of untreated control -disease degree of treated % disease control = ______________________________________________________ x100
Disease degree of untreated control e. Statistical analysis SPSS v16 software (SPSS Inc., IBM Company, Chicago, Illinois, USA) was used for probit analysis for determination of EC50, using log10 of the concentration of fungicides applied. All other data were statistically analysed by ANOVA using GenStat v11 (VSN International Ltd., UK). Multiple mean comparisons were done using the Fisher's Least Significant Difference test (P<0.05).
III. Results a. In vitro sensitivity bioassay
In order to evaluate fungicides in vitro, mycelium discs of each isolate were grown on PDA medium amended with 5 mg L -1 fungicide active ingredient. The effect of the fungicides on the inhibition of the growth of P. teres isolates in vitro was significantly different. The results showed that the performances of trifloxystrobin, azoxystrobin and picoxystrobin on the wild type isolates 1530 and 1782 and on mutant isolate 1534 were significantly higher than with other isolates at 5 mg L -1 ( Fig. 1 a, c, and d) . The activity of trifloxystrobin, azoxystrobin and picoxystrobin against mutant isolates THM-2, MR1-1 and Cayl-3 were less pronounced. Interestingly, trifloxystrobin and azoxystrobin both showed low efficacy against wild type isolate 1539. Notably, the efficacy of picoxystrobin on isolate 1539 is as low as mutant isolate Cayl-3. However, the performance achieved by pyraclostrobin, although it was less pronounced on isolate 1539, outperformed other fungicides regardless of the sensitivity of the isolates (Fig. 1 b) . Pyraclostrobin was the most effective fungicide, inhibiting growth by 85.7 -100% at this concentration.
EC 50
The concentration which is calculated to inhibit the growth of the fungus by half, EC50, was measured in vitro, inhibition to the untreated control. This was done to quantify more precisely the sensitivity of several isolates of P. teres towards the fungicides tested. The results showed that mutant isolates were found to have higher EC50 values towards QoIs than wild type isolates (Fig. 2) . Mutant Isolates 1534, THM-2, MR-1-1, and Cayl-3 had EC50 values 6.27, 1.37, 1.93, and 2.41 mg L -1 respectively towards trifloxystrobin. In contrast, wild type isolates showed EC50s of less than 1.1 mg L -1
. Interestingly, some of the mutant and wild type isolates showed little difference in their EC50 towards pyraclostrobin, which was very low and variable, reflecting the sensitivity of the fungus to this QoI fungicide (it generally caused complete inhibition at 5 mg L -1 in vitro, Fig. 2  b) . Comparing the sensitive isolates, the differences in intrinsic activity is small among the QoIs, but bigger when comparing the resistant isolates.
In planta assessment of fungicides
The same group of fungicides were assessed for their efficacy as a protective application against P. teres infection of barley plants (applied two days before inoculation). The effect of the fungicides on the percentage disease control was significantly different between isolates. The impact of fungicide application on seven P. teres isolates in planta showed a different pattern from that of the in vitro assessments (Fig. 3) . Disease control obtained by trifloxystrobin, pyraclostrobin and azoxystrobin was greatly affected by the F129L mutation. The results were quite diverse on both wild type and mutant isolates. The highest disease control obtained by trifloxystrobin was on mutant isolates MR-1-1 (attaining 86.6% control) and 1534 (77.5%). Its performance, although high on wild type isolate 1782, showed low efficacy on wild type isolate 1530; similar to that shown on mutant isolate Cayl-3, and showed lower efficacy against mutant isolate THM-2 and the lowest against isolate 1539 (Fig. 3 a) . Pyraclostrobin, which was the best performing strobilurin in vitro, failed to give a good control on most of mutant isolates but it gave good control of all wild type isolates tested (Fig. 3 b) . Interestingly, azoxystrobin gave good control of wild type isolates 1530 (91.7%) and 1782 (91.8%) and to mutant isolate MR1-1 (85.3%) but failed to give high control with the wild type isolate 1539 (40.7%) and mutant isolates THM-2 (24.9%), Cayl-3 (53%) and 1534 (42.1%) (Fig. 3 c) . The performance of picoxystrobin showed a similar response to that of pyraclostrobin to give the highest disease control on wild type isolates (Fig.  3 d) . However its performance, although relatively good against mutant isolate Cayl-3, was less effective against mutant isolates 1534, THM-2, and MR1-1.
IV. Discussion
The F129L mutation has affected the efficacy of QoI fungicides tested in this work, but had no consistent effect on phenotypic fitness parameters examined. The in vitro studies revealed that QoIs poses different intrinsic activities and inhibited the growth of the fungal pathogen to different extents, with, for instance, pyraclostrobin being more inhibitory than the other fungicides tested. However, efficacy of QoIs against P. teres in planta was compromised to some extent. Nevertheless, there was not total failure of fungal control reported, as with the G143A mutation in M. graminicola [22] . [18] emphasised that different amino acid changes in the target protein can cause different levels of resistance. They further confirmed that the G143A mutation caused much higher levels of resistance to QoIs than the less common F129L mutation. [20] reported that in P.teres, an intron in the cytochrome b gene, immediately after the codon for the amino acid in position 143, was present. The G143A mutation would prevent splicing out of the intron, prior to processing pre-mRNA to mRNA, thereby disrupting functionality of the cytochrome b protein, leading to a lethal event. Thus the G143A mutation is unlikely occur in P. teres. According to FRAC reports, in 70 pathogens exhibiting a high level of resistance, this was shown to be the result of a single G143A mutation, while the F129L mutation generally caused a much lower degree of resistance [8] . The results obtained in this study are similar of those obtained by [23] who reported that good field protection of barley plants against net blotch was achieved with QoI fungicides (picoxystrobin, pyraclostrobin, and azoxystrobin). They further added that for eradication purpose, picoxystrobin and pyraclostrobin achieved the best control although this type of usage is not recommended for QoIs. [24] stated that pyraclostrobin outperformed azoxystrobin and its performance was not affected by the mutation F129L and provided very good control of net blotch disease in fields with different frequency of the F129L in populations of P. teres in 2005 and 2006 in France. Furthermore, sensitivity studies in transformed strains of Saccharomyces cerevisiae have shown that the different QoIs are not equally affected by the F129L mutation [25] . However, many authors emphasise a need for caution on this issue and advise more research before confirmation that QoIs will continue to work well. [20] reported that EC50 values of P. teres isolates collected across Europe between 2003 and 2005 were varied and found that the majority of F129L isolates displayed higher EC50 values than wild types. They also stated that some wild type isolates displayed relatively high EC50 values without the presence of F129L mutation. In the results presented here, isolate 1539 was reported to be a QoI mutant, but showed the wild type codon. This isolate, however, showed an insensitive phenotype to the four QoI fungicides tested. Sensitivity of P. teres to QoI fungicides may therefore be mediated by factors other than the presence or absence of the F129L mutation.
V. Conclusions
The results showed that the F129L mutation is widespread within populations of P. teres in the UK and present over a wide geographical extent. Different levels of QoI fungicide efficacy as observed among mutants, indicating that the mutation has variable effects depending on the strain of the pathogen. From the results of this study it is apparent that in vitro studies do not always reflect fungicide performance in planta. Therefore, care is needed in evaluating fungicide performance from genotyping, in vitro and/or in planta experiments. A combination of these approaches is important. It can also be concluded that some QoI fungicides still give good protection against net blotch in barley, despite the presence of the F129L mutation.
VI.
